Disease is caused by a complex interaction between the pathogen, environment, and the physiological status of the host. Determining how host ontogeny interacts with water temperature to influence the antiviral response of the Pacific oysters, Crassostrea gigas, is a major goal in understanding why juvenile Pacific oysters are dying during summer as a result of the global emergence of a new genotype of the Ostreid herpesvirus, termed OsHV-1 μvar. We measured the effect of temperature (12 vs 22 °C) on the antiviral response of adult and juvenile C. gigas injected with poly I:C. Poly I:C upregulated the expression of numerous immune genes, including TLR, MyD88, IκB-1, Rel, IRF, MDA5, STING, SOC, PKR, Viperin and Mpeg1. At 22 °C, these immune genes showed significant upregulation in juvenile and adult oysters, but the majority of these genes were up-regulated 12 h postinjection for juveniles compared to 26 h for adults. At 12 °C, the response of these genes was completely inhibited in juveniles and delayed in adults. Temperature and age had no effect on hemolymph antiviral activity against herpes simplex virus (HSV-1). These results suggest that oysters rely on a cellular response to minimise viral replication, involving recognition of virus-associated molecular patterns to induce host cells into an antiviral state, as opposed to producing broad-spectrum antiviral compounds. This cellular response, measured by antiviral gene expression of circulating hemocytes, was influenced by temperature and oyster age. We speculate whether the vigorous antiviral response of juveniles at 22 °C results in an immune-mediated disorder causing mortality.
Introduction 52
Aquatic diseases involve complex interactions between pathogen, the prevailing 53 environment, and host physiological status. Despite this, many scientific studies on 54 aquatic diseases only investigate the effect of one or two simultaneous factors [1] . This 55 creates problems in interpreting the causes of multifactorial diseases, such as Pacific 56 University in June 2013 by overnight courier and immediately placed in seawater 118 recirculation system (salinity 35 ppt, temperature 16 o C). Prior to experimentation, a 119 notch was filed in the shell adjacent to adductor muscle of each oyster using an electric 120 bench grinder. Oysters were then returned to their recirculation system to recover for 121 24 hours. Next, oysters were transferred to aerated aquariums (40 L) maintained at 122 either 12 or 22 o C and allowed to acclimatize for one week before experimentation. 123
Water quality was assessed daily and oysters were not fed during this period. 124 At time 0 hours (prior to injection), juvenile and adult oysters maintained in 125 aquaria at either 12 or 22 o C were injected in the adductor muscle with either poly I:C 126 (Sigma, Cat# P0913, 5 mg.mL --1 in seawater) or sterile seawater (control) using a 25--127 gauge needle attached to a multi--dispensing pipette. Juvenile and adult oysters were 128 injected with either 50 or 100 µl of poly I:C or seawater, respectively. Hemolymph 129 samples were taken, using a sterile 23--gauge needle attached to a 1 mL syringe, from the 130 adductor muscle of four individual oysters from each group at 0, 12 and 26 hours post--131 injection. Hemolymph was immediately centrifuged, and hemocyte cell pellets and cell--132 free hemolymph was snap frozen in liquid nitrogen and stored at --80 o C. 133 134 2.2 Total RNA extraction, first--strand synthesis and qPCR. 135
Total RNA was extracted from hemocyte pellets using the Isolate II RNA mini kit 136 (Bioline) with on--column DNAse treatment following the manufacturer's protocol. The 137 purity and quantity of purified RNA was estimated by spectrophometry (Thermo 138 Scientific, ND--1000). First--strand synthesis was performed on 150 ng of total RNA using 139 the Tetro cDNA synthesis kit (Bioline) following the manufacturers protocol. cDNA was 140 diluted in ten--volumes of sterile water prior to use. 141
Twenty putative antiviral genes were selected for RT--qPCR analysis using the 142 gene specific primers listed in Table 1 . The PCR reaction volume was 6 µl and contained 143
SensiFAST TM SYBR Lo--ROX master mix (Bioline), 100 nM of each specific primer and 1.5 144 ng of cDNA in a ViiA7 TM thermocycler (Applied Biosystems) using an initial denaturation 145 (95 o C for 2 min) followed by 40 cycles of denaturation (95 o C, 5 sec) and hybridisation--146 elongation step (60 o C, 30 sec). A subsequent melting temperature curve of the amplicon 147 was performed. Expression of target genes were normalised with the elongation factor 148 1--alpha reference gene [23] , which was stable in the current study (p > 0.05, CV = 2.2 %). 149
The relative expression of target genes was calculated using the ∆Ct method using the 150 formula: 2 Ct(target)-Ct(reference) , with the cycle threshold (Ct) set at 1.0 for all genes. 151 152 2.3 Antiviral activity of hemolymph against HSV--1 153 Antiviral activity of cell--free hemolymph against herpes simplex virus type 1 (HSV--1) 154 was determined by plaque assay, as described [20, 24] . Briefly, Vero cell monolayers in 155 24--well plates were infected in duplicate with 50 plaque forming units (PFU), in a total 156 volume of 0.56 ml, in the presence of hemolymph (8 % v/v). Hemolymph was pre--157 incubated with the cell monolayers for 15 minutes prior to the addition of HSV--1 and the 158 hemolymph was included for the duration of the assay. Cells were incubated for 2 days 159 at 37 o C before monolayers were fixed with 37% formaldehyde, stained with 2% 160 toluidine blue and plaques counted using an inverted light microscope (Olympus CK2). 161 Antiviral activity was expressed as percentage reduction in plaque numbers. 162 163
Statistical analysis 164
To determine statistical differences, univariate data was analysed using the computer 165 software package, SPSS v.20 and differences were considered significant when p < 0.05. 166
Four--way analysis of variance (ANOVA) was performed to test differences in gene 167 expression and antiviral activity of the hemolymph against HSV--1. The four factors 168 analysed were 'TREATMENT' with the levels 'poly I:C' and 'control', 'HOST ONTOGENY' 169 with levels of 'adults' and 'juveniles', 'WATER TEMPERATURE' with levels of '12 o C' and 170 '22 o C' and 'TIME--POINT' with three levels (0, 12 & 26 hours). Pairwise comparisons 171 were performed using Tukey's HSD test when significant interactions between factors 172 were identified. Normality and homogeneity of equal variances was assessed using 173
Levene's test of equal variances and residual plots. Gene expression data that was 174 skewed was log--transformed in order to meet the requirements for ANOVA. 175
To test the overall immune gene response, permutational multivariate analysis of 176 variance (PERMANOVA) and principle component ordination (PCO) analyses were 177 conducted using PRIMER V.6 + PERMONANOVA (Plymouth Marine Laboratory, UK) [25] . 178 Similarity matrices were prepared using Euclidean distance and 9999 permutations of 179 residuals were performed under a full model. Pair--wise tests were performed on 180 significant interaction terms (p < 0.05). PCO was used to produce scatter plots to 181 visually represent the multivariate differences among the significant factors. Vectorsoverlaid on the graphs were based on variables (genes) with >0.8 correlations to the 183 two primary PCO axes. 184 185
Results 186

Gene expression 187
The experimental design allowed us to investigate the influence of water temperature, 188 age and the interaction of water temperature and age on the antiviral response of C. 
